3 ) is a major lesion resulting from oxidative stress and found in both DNA and dNTP pools. Such a lesion is usually removed from DNA by the Base Excision Repair (BER), a universally conserved DNA repair pathway. 8oxodG usually adopts the favored and promutagenic syn-conformation at the active site of DNA polymerases, allowing the base to hydrogen bonding with adenine during DNA synthesis. Here, we study the structural determinants that affect the glycosidic torsion-angle of 8oxodGTP at the catalytic active site of the family X DNA polymerase from
), and 4 nM of either the wild-type or the H339A/H341A (exo -) mutant PolXBs, as indicated.
After incubation for the indicated times at 30 °C, reactions were stopped by adding 10 mM EDTA and analyzed by 7 M urea-20% PAGE and autoradiography. When indicated, 3 nM of either the wild-type or the H339A/H341A mutant PolXBs and 1 U of E. coli DNA ligase A were simultaneously added to the reaction mixture. After incubation for 5 min at 30 ºC the release of the 3´-P and 3´-PG groups as well as the ligation products were analyzed by electrophoresis in 7 M urea-20% polyacrylamide gels and autoradiography.
Determination of the steady-state kinetic parameters of the 3´-5´ exonuclease, 3´-phosphatase and 3´-phosphodiesterase activities of PolXBs
To quantify the kinetic parameters of the 3´-5´ exonuclease, 3´-phosphatase and 3´-phosphodiesterase activities, the release of 3´-dNMPs, 3´-phosphate (P) and 3´-phosphoglycolate (PG) groups was measured as a function of DNA concentration. Thus, increasing concentrations of oligonucleotides 5´-32 P-GATCACAGTGAGTAC (0-8000 nM), 5´- Gel band intensities were quantified using ImageQuant TL software (GE Healthcare 
DNA polymerization assays on a 5-nt gapped DNA molecule
The incubation mixture contained, in 12.5 µl, 50 mM Tris-HCl, pH 7.5, 8 mM MgCl2, 1 mM DTT, 4% glycerol, 0.1 mg/ml BSA, 1.5 nM of the hybrid E (see Table 1 ), the indicated concentration of PolXBs and 100 µM of the four dNTPs. After incubation for 10 min at 30 °C, 8 the reactions were stopped by adding EDTA up to 10 mM. Samples were analyzed by 7 M urea-20% PAGE and and visualized using a Typhoon 9410 scanner (GE Healthcare).
DNA polymerization assays on 1-nt gapped DNA molecules harboring 3´-damaged ends
The incubation mixture contained, in 12.5 µl, 50 mM Tris-HCl, pH 7.5, 1 mM MnCl2, 1 mM DTT, 4% (v/v) glycerol, 0.1 mg/ml BSA, 1.2 nM of the indicated 1-nt gapped DNA hybrid C or D (see Table 1 ) with 10 nM of either wild-type or H339A/H341A (Exo-) mutant PolXBs in the presence of 100 µM dNTPs. After incubation for 5 min at 30 ºC reactions were stopped by adding 10 mM EDTA and both the degradation and the elongation products were analyzed by electrophoresis in 7 M urea-20% PAGE and autoradiography.
Repair of 1-nt gapped molecules with 3´-damaged ends
The incubation mixture contained, in 12.5 µl, 50 mM Tris-HCl, pH 7.5, 1 mM MnCl2, 1 mM DTT, 4% (v/v) glycerol, 0.1 mg/ml BSA, 25 µM NADH, 1.2 nM of the specified 1-nt gapped DNA hybrid C or D (see Table 1 ), 100 µM dNTPs with 9 nM of either the wild-type or the Exo -mutant
PolXBs, in the presence of 1 U of E. coli DNA ligase A, as indicated. After incubation for 10 min at 30 ºC reactions were stopped by adding 10 mM EDTA and analyzed by 7 M urea-20% PAGE and autoradiography.
Results and Discussion

Steady-state kinetic analysis of 8oxodGMP incorporation by PolXBs
To ascertain whether PolXBs active site shows a differential preference for incorporation of 8oxodGMP opposite a template dC or dA, the steady-state kinetic parameters [kcat and Km(app)] as well as the catalytic efficiencies [kcat/Km(app)] for 8oxodGMP incorporation by the wild-type enzyme were determined. To that, 1-nt gapped oligonucleotide substrates bearing either dC or dA as the templating nucleotide (see Table 1 ) were used. As shown in Table 2 and Fig. 1 , the catalytic efficiency for 8oxodGMP incorporation opposite dC was 1.7-fold higher than opposite dA. In addition, the comparison of the catalytic efficiencies for the wild-type enzyme revealed a 216-fold difference between dGMP and 8oxodGMP incorporation opposite dC and a 218-fold difference between dTMP and 8oxodGMP incorporation opposite dA, the discrimination against 8oxodGMP incorporation relying principally on a highly diminished catalytic rate rather than on an increased Km for the nucleotide. From this, it could be inferred that incorporation of the oxidized nucleotide by PolXBs should be a very infrequent event. In 9 addition, the relative 8oxodGMP incorporation opposite dC versus dA is comparable to the bias existing between incorporation of dGMP opposite dC and dTMP opposite dA (1.4, see Table 2 ). Altogether, the results indicate that PolXBs shows a similar efficiency to stabilize the anti and syn conformation of 8oxodGTP at the active site unlike other PolXs that exhibit a higher incorporation efficiency of the promutagenic syn conformation as Pol β (dA:dC ratio 10-24; [21, 23] ), Pol λ (dA:dC ratio 5-35; [21, 22] ) and the bacterial ttPolX (dA:dC ratio 43; [43] ).
Effect of Asn263 on the incorporation of 8oxodGMP
As mentioned above, most family X DNA polymerases studied exhibit a relatively high ability to incorporate 8oxodGMP, preferring dA as template. Structural studies performed on Pol β and Pol λ showed an asparagine residue (Asn279 in Pol β and Asn513 in Pol λ) as responsible for the preferential stabilization of the syn conformation of the incoming 8oxodGTP through a hydrogen bonding with the C8 carbonyl [7, 22] . In those cases, although the alanine substitution for asparagine caused general nucleotide incorporation defects, they were more noticeable during 8oxodGMP incorporation opposite dA. As a result, Pol β N279A and Pol λ N513A mutants inserted 8oxodGMP opposite dC 14-and 5-fold more efficiently than opposite dA [22, 23] . Such an asparagine residue is highly conserved in most family X members, its homolog in PolXBs being Asn263 [37] (see also Fig. 2 ). To analyze the role of Asn263 on 8oxodGMP incorporation in PolXBs the steady-state kinetic parameters for nucleotide incorporation of mutant N263A were determined (Table 2 and Figure 1 ). As expected, N263A mutant showed a reduced catalytic efficiency for the incorporation of all the nucleotides tested. Thus, incorporation of dGMP and dTMP was 17-and 218-fold less efficient than that observed with the wild-type enzyme. These results favor the role for this conserved asparagine in making hydrogen bonds with O2 of pyrimidines or N3 of purines also in PolXBs, as reported to occur in Pol β [24] and Pol λ [22, 44] . Regarding the incorporation of 8oxodGMP, the replacement of Asn263 by alanine caused a 172-fold reduction in the catalytic efficiency of 8oxodGMP incorporation opposite dC respect to the wild-type PolXBs, the decrease being even more severe opposite dA (407-fold), giving rise to an incorporation opposite dC:dA ratio of 4:1 (see Table 2 and Fig. 1 ). Thus, whereas Pol λ N513A and Pol β N279A mutants exhibited a dC:dA ratio 4-and 351-fold higher than the corresponding wild-type enzyme [22, 23] , such a ratio increased only 2.3-fold in PolXBs mutant N263A. Hence, the effects of Asn263 on 8oxodGMP incorporation in PolXBs are far less pronounced than those reported for other PolXs, a fact that could be responsible, at least in part, of the similar incorporation efficiency of 8oxodGMP opposite dC and dA. Altogether, the results support the role of the conserved asparagine residue in the stabilization of the syn conformation of the incoming 8oxodGTP, playing in both, bacterial and eukaryotic PolXs a similar role. In line with this, the biochemical studies carried out in ttPolX, which as most members of the Thermales group of bacteria 10 have a serine residue instead, showed how the change of the corresponding Ser266 into asparagine increased 10-fold the 8oxodGMP incorporation ratio opposite dA:dC [43] .
Effect of Lys260 and His255 residues on nucleotide incorporation
Both, structural and mutational studies performed with the bacterial ttPolX showed Lys263 residue placed between the bases of syn-dGTP and anti-dGTP, stacking with bases in the syn conformation in the absence of DNA, maybe controlling binding affinity for the incoming Mg 2+ -dNTP [45] . Additionally, it was shown that mutants K263A and K263D bound incoming dGTP in the anti and syn conformation, respectively, an observation that led to propose a role for Lys263 in the control of the syn/anti equilibrium of the incoming dNTP. Such a lysine residue is highly conserved among bacterial/archaeal PolXs [37, 45] , and is present also in several eukaryotic PolXs as Saccharomyces cerevisiae Pol IV [46] (see Fig. 2a ). Its conservation as well as the previous results with ttPolX prompted us to study the role of this residue in the incorporation of both non-oxidized nucleotides and 8oxodGMP.
To that, the corresponding PolXBs Lys260 residue was changed into alanine (K260A mutant) and its steady-state kinetic parameters were determined. As shown in Table 2 , mutant K260A inserted dGMP and dTMP 3-and 35-fold less efficiently than the wild-type enzyme, principally due to a higher Km for the incoming dNTP, agreeing with a nucleotide binding role for the positively charged side chain of this residue, as previously proposed in ttPolX [45] . Eukaryotic Pol β and Pol λ possess at the corresponding position an aspartate (Asp276) and an alanine (Ala510), respectively (see Fig. 2a ). Pol λ Ala510 stacks with undamaged substrates through a van der Waals interaction that is responsible for the high dNTP binding affinity of the enzyme [47] . Consequently, Pol λ mutant A510D exhibited a decreased incorporation efficiency for the non-damaged nucleotides dGMP (3-fold) and dTMP (5-fold). The differential reduction in the incorporation efficiency of dGMP and dTMP displayed by PolXBs mutant K260A would be indicating that Lys260 could be significant for the stabilization of pyrimidines, as stabilization of the larger purines could rely on additional base-stacking interactions, playing a role similar to that described for Pol λ Ala510 [22] . Structural and biochemical analysis of Pol β ternary complexes revealed that there was also a van der Waals interaction between the base moiety of the incoming nucleotide and the corresponding Asp276 [48] . In this case, valine substitution at residue 276 gave rise to a mutant enzyme with a 40-fold increased dNTP binding affinity, suggesting that the negative charge of Asp276 plays a role opposite to that described for Pol λ Ala510 [22] , ttPolX Lys263 [45] and PolXBs Lys260 (this work), restricting nucleotide binding affinity.
As expected, 8oxodGMP incorporation opposite dC and dA was also hindered in PolXBs mutant K260A (28-and 23-fold, respectively) the ratio being similar to that observed with the wild-type enzyme
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(1.4:1; see Table 2 ). These results led us to conclude that this residue does not influence the glycosidic torsion-angle of incoming 8oxodGTP, at least in the presence of DNA.
The structural analysis of ttPolX ternary complexes also showed that, in the presence of DNA, the stabilization of the anti conformation of the incoming Mg 2+ -dGTP could be contributed by the hydrophobic environment provided by residue Tyr258 [45] . Whereas a homologous tyrosine residue is present in several bacterial/archaeal DNA polymerases, as well as in the eukaryotic Pol β (Ty271) and Pol λ (Tyr505) [49] (see Fig. 2a ), other bacterial PolXs [37, 45] , yeast Pol IV as well as the African Swine Fever Virus (ASFV) PolX, present a histidine instead [46] . Thus, in order to know whether this residue could play any role in the stabilization of the anti-syn conformation of the incoming 8oxodGTP, the corresponding His255 of PolXBs was changed into alanine (H255A mutant), to remove the imidazole side chain, and into tyrosine (H255Y mutant) as in the eukaryotic Pol β and Pol λ.
As shown in Table 2 , H255A mutant inserted dGMP opposite dC with an efficiency comparable to that of the wild-type enzyme, unlike incorporation of dTMP opposite dA that decreased 10-fold. It is noteworthy that whereas the Km for dTTP was similar to that showed by the wild-type polymerase, the Km for dGTP dropped 5-fold (see Table 2 ), as described to occur in Pol λ mutant Y505A [50] , Pol β Y271A
[51] and ASFV PolX H115A [52] , a fact that could be suggesting a role for PolXBs His255 in restricting the binding of purines. As shown in Table 2 , the catalytic rate of mutant H255A for both, dGMP and dTMP incorporation was 10-fold lower than that of the wild-type PolXBs. This result could be indicating a role of His255 residue also for the proper positioning of the incoming nucleotide at the catalytic site. As it can be observed in Table 2 , tyrosine substitution for His255 did not affected substantially to the Km for the incoming nucleotide (see Table 2 ), suggesting a nucleotide affinity similar to that of the wild-type enzyme, as described for mutant H115Y in ASFV PolX [52] , and in agreement with the Km values reported for Pol β mutant Y271H [53] . However, PolXBs mutant H255Y inserted dGMP and dTMP with an efficiency 10-and 71-fold lower than that of the wild-type PolX, mainly due to a decrease in the catalytic rate. This result contrasts with the Pol β mutant Y271H that showed a catalytic efficiency similar to the wild-type protein [54] , maybe indicating the presence of subtle structural differences between both active sites that would not allow the proper placement of an OH-group and/or the aromatic side chain of a tyrosine in PolXBs.
Whereas mutant H255A showed a moderate decrease in the 8oxodGMP incorporation opposite dA (see Table 2 ), the incorporation efficiency opposite dC decreased 25-fold respect to the wild-type enzyme. As a result, this mutant inserted the syn conformation of 8oxodGMP 5-fold more efficiently than the anti one (see Fig. 1 ). In contrast, although the presence of a tyrosine in mutant H255Y gave rise to a severe impairment in the incorporation of 8oxodGMP, the reduction was more pronounced opposite dA (379-fold) than opposite dC (112-fold), resulting in a 6-fold higher discrimination against the Table 2 . (a) Specific release of the 3´-P and 3´-PG groups by PolXBs allows E. coli DNA ligase A to finish repair during in vitro Base Excision Repair. The assay was performed as described in Materials and
Methods, in the presence of the nicked molecules described in Table 1 . The release of the 3´-P and 3´-PG groups as well as the ligation products were examined by Urea-PAGE and further autoradiography. The electrophoretic mobility of the substrates containing 3´-OH, 3´-P and 3´-PG, as well as that of the ligation products is indicated. (b) The 3´-phosphatase and 3´-phosphodiesterase activities of PolXBs remove the 3´-P and 3´-PG groups to allow further repair of a gapped molecule.
The assay was performed as described in Materials and Methods, in the presence of the 1-nt gapped molecules described in Table 1 . The degradation and ligation products were analyzed by PAGE and further autoradiography. The electrophoretic mobility of the substrate and the ligation products is indicated. Methods. The degradation and ligation products were analyzed by PAGE and autoradiography. The electrophoretic mobility of the substrate and the ligation products is indicated.
